Neuronal development is regulated by a complex combination of environmental and genetic factors. Assessing the relative contribution of each component is a complicated task, which is particularly difficult in regards to the development of γ-aminobutyric acid (GABA)ergic cortical interneurons (CIs). CIs are the main inhibitory neurons in the cerebral cortex, and they play key roles in neuronal networks, by regulating both the activity of individual pyramidal neurons, as well as the oscillatory behavior of neuronal ensembles. They are generated in transient embryonic structures (medial and caudal ganglionic eminences -MGE and CGE) that are very difficult to efficiently target using in utero electroporation approaches. Interneuron progenitors migrate long distances during normal embryonic development, before they integrate in the cortical circuit. This remarkable ability to disperse and integrate into a developing network can be hijacked by transplanting embryonic interneuron precursors into early post-natal host cortices. Here, we present a protocol that allows genetic modification of embryonic interneuron progenitors using focal ex vivo electroporation. These engineered interneuron precursors are then transplanted into early post-natal host cortices, where they will mature into easily identifiable CIs. This protocol allows the use of multiple genetically encoded tools, or the ability to regulate the expression of specific genes in interneuron progenitors, in order to investigate the impact of either genetic or environmental variables on the maturation and integration of CIs.
Introduction
The function of neuronal networks relies in the existence of a balanced complement of excitatory projection neurons and inhibitory interneurons. Although cortical interneurons (CIs) only represent 20% of all neurons in the mammalian cortices, deficits in their number or function are thought to play a key part in the pathogenesis of neurodevelopmental disorders 1, 2 . The study of CI development is challenging because CIs are generated in transient embryonic structures that are hard to access, and they follow a long tangential migration before they reach the pallium and develop their mature anatomical and physiological properties 3 . Both genetic and environmental mechanisms are known that regulate CI development 4 , but it has proven difficult to study the relative contribution of multiple factors.
Many insights in CI development were obtained using in vitro culture systems after isolation of progenitors from the ganglionic eminences 5, 6 . One of the great advantages of these methods is the potential to label and genetically modify the isolated progenitors and follow their differentiation in detail, to detect cell-autonomous changes. However, these methods are unable to offer information regarding the interactions between developing interneurons and an active network. We have adapted these protocols, by transplantation of the modified precursors into early postnatal cortex. Interneuron progenitors isolated from embryonic ganglionic eminences are able to survive, disperse and integrate into the host network upon transplantation into the cortex 7, 8 . This method has been used to reduce the severity of epileptic seizures in genetic mouse models, and has been proposed as a possible new therapy for different neurodevelopmental disorders 9, 10 . A previous protocol describes a procedure to transduce these precursors with viral vectors prior to transplantations 11 . The protocol we describe here also allows the genetic modification of interneurons, but does not require the creation of a viral vector, requiring only plasmid DNA, which greatly increases its flexibility. Some studies reported success in using in utero electroporation to genetically modify interneuron progenitors in the caudal ganglionic eminences (CGE) 12 , but this method has proven very difficult to reproduce.
In the representative results section, we illustrate the use of this method to express designer receptors exclusively activated by designer drugs (DREADDs 13 ) in the transplanted CIs, a method we used in a recent publication 14 . We expressed hM3D(Gq), an engineered receptor based on the human cholinergic receptor CHRM3, which does not affect neuronal function unless it binds its specific ligand clozapine-N-oxide (CNO). CNO administration selectively triggers activation of hM3D(Gq) expressing cells. We used this method to show that cell autonomous and transient depolarization is sufficient to prevent apoptosis of CIs during development 11. Place the embedded brains at 4 °C, in order for the agarose to solidify, and subsequently carve the three brains into a single block of appropriate size and orientation. NOTE: Leave approximately 3 mm around the edges of the brain samples. Change the orientation of the brains, with the olfactory bulbs on the top. 12. Glue the block on the surface of a microtome base and using a surgical blade cut all the way through the bottom of the block, between each two brains, in order to create 3 independent blocks (each mini block containing one brain). 13. Section the blocks, in ice-cold Krebs solution, into 250 μm thick slices, using a vibrating blade microtome. 14. With a bended flat-ended micro-spatula collect only the slices containing the medial or caudal ganglionic eminences (MGE or CGE; Figure 1) and individually transfer them onto filter membranes (13 μm diameter, 8.0 µm pore size), floating on minimal essential medium (MEM, Table  1 ) in polystyrene center-well organ culture dishes (60 mm x 15 mm). 15. Place the dishes in a CO 2 tissue culture incubator, at 37 °C, for 1 h, and prepare for the focal electroporation.
Acute Brain Slice Electroporation
1. Before beginning the electroporation procedure, prepare 50 mL of 1% agarose gel in a 100 mm Petri dish. Leave the agarose gel to solidify at room temperature (RT) for approximately 30 min. 2. Prepare tiny agarose columns (1 mm diameter and 10 mm length), punched with a glass pipette (225 mm length; 2 mL capacity) and transfer them in ice-cold Krebs solutions. NOTE: A rubber dropper bulb suitable for 2 mL pipettes is attached to the pipette, and by pressing it the column can be released from the glass pipette to the Krebs solution. 3. With a surgical blade, cut small agarose blocks of two sizes: a small one that will fit on the surface of the electrode (see below) and a bigger one, which will be used as a base for performing the focal DNA injections into the brain slices. Transfer the agarose blocks in ice-cold Krebs solution as well. 4. Prepare the set-up for the focal injections and the acute electroporation (Figure 2) . NOTE: For the injections, the following equipment is needed: 1) a bright field dissection stereo-microscope, 2) a pneumatic pico-pump injector, 3) a micromanipulator, 4) a magnetic stand, and 5) a steel base plate. For the acute slice electroporation, the following equipment is needed: 1) one square platinum 10 mm Petri dish electrode, 2) one square platinum 10 mm cover electrode, 3) a micromanipulator, and 4) an electroporator.
Focal DNA injections
1. Prepare a DNA mixture of expression vectors: pCAGGs-IRES-GFP (control vector) + pCAGGs-hM3D(Gq)-IRES-RFP, at a concentration of 1 µg/µL for each vector and add fast green solution (stock 25 mg/mL) in a 1/10 dilution. 2. Fill a pulled glass micropipette (0.5 mm inner diameter and 1 mm outer diameter) with 10 µL of the DNA mixture and inject small amounts (on the 25-50 nL range) into the selected region (MGE/CGE) of the slice (Figure 1 and Figure 2 ).
Representative Results
Using the procedure presented here, we tested whether the survival of cortical interneurons during early postnatal stages is regulated by activity in a cell autonomous manner. We performed 3 brain slice electroporation experiments ( 
Discussion
Here we describe a widely accessible methodology to genetically modify the activity of CI precursors to study the impact of intrinsic activity on CI maturation, and/or the effect of activity modulated CIs on the assembly/function of the integrated cortical circuits.
In the past, several labs, including ours, had performed in utero electroporation experiments in order to genetically modify projection neurons 6 . However, in utero electroporation into ganglionic eminences that include CI progenitors is very difficult, due to electrical conduction path problems. In order to solve this problem, a small number of labs are performing ultrasound guided injections followed by electroporation, which is a demanding technique that requires expensive equipment. This protocol provides an alternative to these methodologies which is accessible to the majority of the scientific community.
One of the most challenging aspect of this protocol is to maximize the number of cells that survive in the host cortex to mature stages, when phenotypic analysis is usually performed (very dependent on the experiment design, but typically older than P17). There are three key steps that the investigator should pay attention: (1) The efficiency of the electroporation. This can be maximized by ensuring the purity of DNA plasmids. Only high-quality DNA plasmids (an A 260 /A 280 ratio of 1.9-2.0) should be used for this procedure. We obtain such high-quality DNA preparations by employing cesium chloride DNA purification. Another crucial factor is the promoter that drives the expression of the gene of interest. We found that the pCAGGs vector, which consists of the chicken b-actin promoter, is extremely powerful and can dramatically increase the electroporation efficiency. (2) The number of starting donor embryos. It is important to make sure that a large number (12-16) of embryos of the same stage are electroporated. This number can be increased, if more experimenters are performing embryo dissections and sectioning together, as it important that embryonic cortical slices are obtained, electroporated and transferred to the incubator as soon as possible. (3) It is important to make sure that a great number of cells are injected in each pup to ensure a high chance of transplanted cell survival until mature stages. In addition, this will dramatically improve the likelihood of successful transplants since low density cell preparations will result in uneven mixing of the cells with the medium, which will produce significant variability in the transplanted brains 15 .
The protocol described here was tailored for investigating the role of activity in regulating CI survival in a cell-autonomous manner. The P14-P17 time window for performing the CNO injections was specifically chosen according to published data, which show that the peak of transplanted CI progenitors' cell death occurs during this period 16 . Therefore, this time frame or the frequency of CNO injections might not hold true for other cell types or brain regions, and the investigator should adjust these parameters according to the specific experimental purposes. Finally, the methodology described here for the intracranial injections of CIs is only feasible for P0-P5 pups (depending also on the mouse line background). In principle, any injections over P5 will require thinning or removing of the skull 15 .
One of the key advantages of this protocol is the ability to use new genetically encoded tools to visualize or manipulate the activity of CIs during different stages of differentiation as they integrate into a developing network. With the pace of discovery of new genetically encoded voltage and calcium sensors, as well as new chemogenetic and optogenetic tools, this protocol allows researchers to use them within weeks of release into plasmid repositories, such as Addgene.
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